3-Hydroxyanthranilic acid (3-HAA), a metabolite of L-tryptophan, accumulatesin monocyte-derivedcells (THP-1), but not in other cell lines tested (MRC-9, H4, U373MG, Wil-NS), following immune stimulation that induces indoleamine-2,3-dioxygenase (IDO), a rate-limiting enzyme in the L-tryptophan±kynurenine pathway. We examined whether metabolites of the L-tryptophan±kynurenine pathway act to induce apoptosis in monocytes/macrophages. Of the L-tryptophan metabolites tested, only 3-HAA at a concentration of 200 mmol/L was found to induce apoptosis in THP-1 and U937 cells. The addition of ferrous or manganese ions further enhanced apoptosis and free radical formation by 3-HAA in these two types of cells. The apoptotic response induced by 3-HAA was signi®cantly attenuated by the addition of antioxidant, a-tocopherol or Trolox (a water-soluble analogue of vitamin E), and the xanthine oxidase inhibitor, allopurinol. In addition, the 3-HAA-induced apoptotic response was slightly attenuated by catalase, but not by superoxide dismutase (SOD), indicating that generation of hydrogen peroxide is involved in this response. Interferon-g (IFN-g), an inducer of IDO, potently induced apoptosis in THP-1 cells, but not in U937 cells, in the presence of ferrous or manganese ions. This different susceptibility to apoptosis inducer between THP-1 and U937 cells may depend on the capacity of the cells for 3-HAA synthesis following IDO induction by IFN-g. Furthermore, apoptosis was suppressed by cycloheximide in THP-1 cells, suggesting that newly synthesized proteins may be essential for apoptotic events. These results suggest that 3-HAA induces apoptosis in monocytes/macrophages under in¯ammatory or other pathophysiological conditions.
INTRODUCTION
It is well known that apoptosis is induced by various stimuli, including chemicals, radiation and viruses, and that these stimuli trigger a range of different signalling events. 1 Recent studies have suggested that an L-tryptophan metabolite, 3hydroxykynurenine, may induce neuronal cell death with apoptotic features in selective brain regions under pathophysiological conditions. 2 Endogenous L-tryptophan is metabolized via 3hydroxykynurenine to 3-hydroxyanthranilic acid .Under pathophysiologicalconditions in which 3-HAA accumulates, the 3-HAA is meta-bolized to cinnabarinic acid and high levels of free anthranyl radicals and H 2 O 2 are generated. 3 Previous studies have shown that ferrous and manganese ions accelerate the conversion of 3-HAA to cinnabarinic acid. 4 Furthermore, stimulation of the immune system, as observed in a variety of in¯ammatory diseases, including virus infection, toxoplasma infection, tumours and tissue injury, increased the concentrations of physiologically active kynurenine pathway metabolites such as L-kynurenine, 3-hydroxykynurenine, 3-HAA and quinolinic acid in both plasma and tissues. 5 In addition,it has been demonstrated that the release of interferon-g (IFN-g) is accelerated by immune activation and that indoleamine-2,3-dioxygenase(IDO), a rate-limiting enzyme of the L-tryptophan±kynurenine path-way in extrahepatic tissues, is induced by IFN-g. 6 It is of particular interest that L-tryptophan is converted to L-kynurenine in a variety of cell lines derived from brain and other tissues (THP-1, U937, MRC-9, H4, U373MG, Wil-NS), whereas it is converted to quinolinic acid via 3-HAA in monocyte-derived cells and liver cells. 7 In the present study, in view of the ®nding that L-tryptophan±kynurenine pathway metabolites, including L-kynurenine, 3-hydroxykynurenine and 3-HAA, accumulate in monocyte-derived cells following immune stimulation, we examined whether these metabolites act as endogenous inducers of apoptosis in monocyte-derived cells.
MATERIALS AND METHODS

Materials
L-Kynurenine, 3-HAA, quinolinic acid, kynurenic acid, xanthurenic acid, anthranilic acid and picolinic acid were obtained from Sigma Chemical Co. (St. Louis MO, USA). RPMI-1640, L-glutamine, fetal bovine serum, gentamicin, penicillin and streptomycin were obtained from GIBCO (Gaithersburg MD, USA). Cinnabarinic acid was kindly provided by Dr Yoichi Nagamura (Fujita Health University, Toyoake, Japan). Annexin V (Annexin-V FLUOS) and human recombinant interferon-g were obtained from Boehringer Mannheim (Mannheim, Germany). All other chemicals, including ferrous sulphate and manganese chloride, were from Wako Pure Chemical Co. (Osaka, Japan), unless otherwise indicated.
Cells and culture
THP-1, U937 (acute monocyte leukaemia cell line), MRC9 (human lung cell line), H4 (human brain neuroglioma cell line), U373MG (astrocytoma) and Wil-NS (B lymphocyte) cells were obtained from ATCC (Rockville MD, USA). THP-1, U937 and Wil-NS cells were regularly cultivated in RPMI-1640 (Nikken Bio Medical Laboratory, Kyoto, Japan) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Boehringer) and 500 mg/mL of penicillin±streptomycin (Gibco BRL, Life Technologies Inc., Rockville MD, USA). MRC9, H4 and U373MG cells were cultivated in Dulbecco's modi®ed Eagle's medium and harvested with trypsin± EDTA as described previously. 7 Cultures were maintained under a fully humidi®ed atmosphere of 95% room air, 5% CO 2 at 378C. Endotoxin levels in all culture reagents used were <0´01 mg/L lipopolysaccharide. Cell densities were deter-mined with a Sysmex F-820. Cells in log-phase growth were used throughout the experiments.
Apoptotic cell analysis by¯ow cytometry
Apoptotic cells can be distinguished from normal cells by¯ow cytometry, using annexin V binding. Annexin V-positive cells have been shown to appear early in the apoptotic process. 8, 9 Separation and quantitation of apoptotic cells were performed by annexin V binding according to the manufacturer's instructions (Boehringer Mannheim, Mannheim, Germany). In brief, after treatment with the substances to be tested, cells were harvested from the culture dishes with ice-cold phosphate-buffered saline (PBS). The cells were washed with 10 mmol/L N- [2-hydroxyethyl] piperazine-N-[2-ethanesulphonic acid] (HEPES) staining buffer, pH 7´4, containing 140 mmol/L NaCl and 5 mmol/L CaCl 2 , and labelled with annexin V±¯uorescein isothiocyanate for 20 min on ice to determine phosphatidylserine exposed to the outer cytoplasmic membrane. Subsequently, cells were washed three times with 10 mmol/L HEPES staining buffer and further labelled with propidium iodide (Sigma Chemical Co., St. Louis MO, USA) in ice-cold PBS to separate both necrotic and apoptotic cells from normal cells. Mean¯uorescence intensity and percentages of positive and negative cells were analysed with ā uorescence-activated cell sorting (FACS) scan ow cytometer (Beckton Dickinson Immunocytometry System, Palo Alto CA, USA). A total of 10 000 events was analysed. Data acquisition and analysis were carried out using LYSIS II software.
Photomicrographic analysis of apoptotic cells
Cells were analysed by staining nuclei with thē uorescent DNA-binding dye Hoechst 33258 (bisbenzimide). Cells were ®xed, permeabilized, stained with Hoechst 33258 and photographed under a¯uorescence microscope as described previously. 10 Determination of L-tryptophan metabolites L-Kynurenine and 3-HAA were quanti®ed by high-performance liquid chromatography with ultraviolet light absorbance spectrophotometry 11 and¯uorescence detection, 12 respectively.
Statistical analysis
Results are expressed as the mean (one standard error of the mean). Inter-group comparisons were made by ANOVA, followed by post-hoc test of Fisher's protected least signi®cant difference or ScheffeÂ 's F. A P value of <0´05 was considered signi®cant.
RESULTS
Effects of kynurenine pathway metabolites on apoptosis in human monocyte-derived cells
To determine the effect of various metabolites of the L-tryptophan±kynurenine pathway on apoptosis in cultured monocyte-derived cells, THP-1 and U937 cells were cultured for 48 h in medium either alone or supplemented with 200 mmol/L Lkynurenine, 3-hydroxykynurenine, 3-HAA, quinolinic acid, kynurenic acid, xanthurenic acid, anthranilic acid, picolinic acid, or cinnabarinic acid (see Fig. 1 ). Among the L-tryptophan metabolites tested, only 3-HAA increased sig-ni®cantly (P<0´01) the apoptotic proportion in both THP-1 and U937 cells. Figure 2 shows a typical¯ow curve of cytometry with annexin V and the morphology of THP-1 cells undergoing apoptosis.
Because it has been shown that the presence of either ferrous or manganese ions enhances anthranyl radical formation from 3-HAA, 4, 13, 14 the effect of these radical-generating ions on apoptosis by 3-HAA was also studied (see Fig.  3 ). The results clearly showed that 3-HAA had no effect at concentrations below 10 mmol/L but induced apoptosis in a dose-dependent manner at higher concentrations (P<0´05). The induction of apoptosis was enhanced by the addition of either ferrous or manganese ions in both THP-1 and U937 cells (P<0´05 at 1´0 mmol/L, P<0´01 at 50, 100 and 200 mmol/L).
Effects of various antioxidant agents and xanthine oxidase inhibitor on 3-HAA-induced apoptosis
The effects of various antioxidants on 3-HAAinduced apoptosis were studied in THP-1 cells (see Fig. 4 ). The addition of a-tocopherol or Trolox to THP-1 culture medium signi®cantly (P<0´01) reduced the appearance of apoptotic cells. The 3-HAA-induced apoptotic response was also attenuated by allopurinol, an inhibitor of xanthine oxidase. By contrast, superoxide dismutase (SOD) at a concentration of 10 5 U/L, had no effect on 3-HAA-induced apoptosis.
Effects of IFN-g on 3-HAA production and apoptosis
IFN-g increased the production of L-kynurenine in all cell types examined, including THP-1 (monocyte-derived), U937 (monocyte-derived), MRC9 (lung), U373MG (astrocytoma), H4 (neuroglioma) and Wil-NS (B lymphocyte) cells, but the magnitude of the increase of Lkynurenine in U937 and Wil-NS cells was substantially less than in other cells (see Table  1 ). 3-HAA was produced abundantly in THP-1 cells in response to IFN-g, but little, if any, in U937 and all other cells tested (see Table 1 ).
To examine further the possibility that 3-HAA acts as an endogenous inducer of apoptosis in monocytes under de®ned pathophysiological conditions, we compared apoptotic responses to IFN-g in both THP-1 and U937
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Ann Clin Biochem 2001: 38 cells in the presence of ferrous or manganese ions (see Fig. 5 ). IFN-g with ferrous or manganese ions potently induced apoptosis in THP-1 cells, but only marginally in U937 cells. We further examined the effect of cycloheximide, a protein synthesis inhibitor, on IFN-ginduced apoptosis in view of the possibility that enzymes working in the tryptophan±kynurenine pathway might be newly synthesized and involved in 3-HAA production in THP-1 cells. As shown in Fig. 5 , apoptosis induced by simultaneous treatment with IFN-g and ferrous or manganese ions was suppressed signi®cantly, by 56% and 69%, respectively, by cycloheximide.
DISCUSSION
Apoptosis in human monocytes/macrophages is induced by a number of different stimuli, including cytokines and reactive oxygen species (ROS). 15 The present study clearly demonstrates that 3-HAA, one of the L-tryptophan metabolites via L-kynurenine, is a possible inducer of apoptosis in monocyte-derived cells under immune-stimulated conditions. A recent study showed that 3-hydroxykynurenine, another metabolite in the kynurenine pathway, causes neuronal cell death and that this toxicity is inhibited by various antioxidants. 2 accepted as a major cause of neuronal damage in neurodegenerative disorders. 16 However, studies on the neurotoxicity of 3-hydroxykynurenine were performed with pharmacological doses. Furthermore, our previous 6 and present studies demonstrate that all cell types examined produce L-kynurenine from L-tryptophan via the ratelimiting enzyme IDO, and only activated monocyte-derived cells produce a large amount of 3-hydroxykynurenine, 3-HAA and quinolinic acid (see Table 1 ). Therefore, it is likely that the capacity to synthesize 3-hydroxykynurenine, 3-HAA and quinolinic acid may vary among cell types. Based on these ®ndings, we tested whether these metabolites could trigger apoptosis in monocyte-derived cells. We found that supplementation with 200 mmol/L 3-HAA, but not any other L-tryptophan metabolites, including 3hydroxykynurenine, signi®cantly induced apoptosis in both THP-1 and U937 cells (see Fig. 1 ). It is of interest that 3-hydroxykynurenineat high concentrations induced apoptosis in neuronal Cells were incubated with 200 mmol/L L-tryptophan with or without IFN-g (5610 5 IU/L). L-Kynurenine and 3-HAA concentrations after 48 h of incubation are expressed as mean (one standard error of the mean) for three incubation wells (baseline L-kynurenine and 3-HAA concentrations in the culture medium have been subtracted). *P<0´001, compared with control. n.d.=not detected. cells 2 but not in monocyte-derivedcells. Although the reason for the different susceptibility between the two types of cells is not known, it may be due to the difference in the capacity of cells to eliminate ROS generated by 3hydroxykynurenine. Monocyte-derived cells play a central role in the exacerbation and resolution of in¯ammation, principally through phagocytosis, cytokine release, ROS release and the formation of arachidonic acid metabolites. Furthermore, blood monocytes in®ltrate the tissues in a broad spectrum of in¯ammatory conditions accompanying substantial elevation of kynurenine pathway metabolites such as 3-HAA in plasma. 5, 7 It is also known that L-kynurenine and 3-HAA are increased in biological¯uids and tissues under various in¯ammatory conditions, and that these metabolitesare derived from L-tryptophanfollowing induction of IDO and other enzymes of the kynurenine pathway. 17, 18 The notable capacity of THP-1 cells to produce 3-HAA concentrations as high as 1 mmol/L (see Table 1 ) in response to IFNg may be due to increased IDO activity and the relatively higher activity of other kynurenine pathway enzymes. 19 Indeed, while all cell lines examined responded to IFN-g by increased conversion of L-tryptophan into L-kynurenine, only monocyte-derived cells synthesized 3-HAA. This is due to differences in the activities of enzymes of the kynurenine pathway from L-kynurenine to 3-HAA among those cell lines.
A previous study 20 indicated that the conversion of 3-HAA to cinnabarinic acid occurs under biological conditions in which both 3-HAA and free radicals and H 2 O 2 are generated at elevated rates. Enzymatic dimerization of 3-HAA into cinnabarinic acid has been shown to occur in several tissues of various animals, 3 and`cinnabarinic acid synthase' activity has been demonstrated in the nuclear fraction of mouse liver. 20, 21 A small amount of H 2 O 2 is spontaneously generated and released in the nuclear fraction, as in other isolated cellular compartments. A recent study also indicated that oxidative dimerization of 3-HAA into cinnabarinic acid occurs in initial and successive one-electron oxidation reactions mediated by either free radicals, compound I of peroxidase or catalase. 3 In the present study, the apoptotic response induced by 3-HAA was signi®cantly attenuated by the addition of antioxidant, a-tocopherol or Trolox, to THP-1 cells in culture (see Fig. 4 ). These results strongly support the view that the apoptotic response after 3-HAA treatment is mediated by oxidative stress. It is possible that oxidative dimerization of 3-HAA into cinnabarinic acid in IFN-g-stimulated cells, when it occurs, contributes to inhibition of microbial and tumour cell growth. 22 Furthermore, ferrous or manganese ions are well known to accelerate the oxidation of 3-HAA, resulting in the generation of H 2 O 2 . Indeed, our present study demonstrates that ferrous and manganese ions markedly increase apoptosis induced by 3-HAA in both THP-1 and U937 cells. In addition, the 3-HAA-induced apoptotic response was slightly attenuated by catalase, but not by SOD, indicating that the generation of H 2 O 2 is involved in the apoptotic response. The 3-HAA-induced apoptotic response was also attenuated by allopurinol, suggesting that endogenous xanthine oxidase is involved in the apoptotic event.
To further assess the possibility that 3-HAA acts as an endogenous inducer of apoptosis in monocyte-derived cells under pathophysiological conditions, both THP-1 and U937 cells were treated with IFN-g. The present study (see Figs 5 and 6) unequivocally shows that there is a difference in apoptotic response between the two types of cells. The population of apoptotic THP-1 cells did not exceed 5% of the total after treatment with IFN-g alone, but the number of apoptotic cells was much increased by ferrous or manganese ions. It is noteworthy that these substances were ineffective in IFN-g-stimulated U937 cells. A different rate of 3-HAA production may account for this difference; IFN-g increased signi®cantly the concentration of 3-HAA in the THP-1 culture medium but not that in the U937 culture medium (see Table 1 ).
Although the effect of IFN-g on monocyte activation is established, the role of IFN-g in apoptosis is controversial. A previous report suggested that IFN-g per se can prevent the apoptosis of monocytes in the absence of growth factor, 1 while a more recent study demonstrated that IFN-g elicited a moderate release of tumour necrosis factor-a and interleukin 1b in Coxiella burnetti-infected THP-1 cells, leading to bacterial killing and cell death. 23 Apparently, the mechanism of induction of monocyte apoptosis by IFN-g is complicated. In this context, we have shown, on the basis of the effect of cycloheximide, that newly synthesized proteins in the cell may be essential for the apoptotic events. These results suggest that 3-HAA induces apoptosis in monocyte-derived cells under pathophysiological conditions in which in¯ammatory and immune activation takes place.
